Spectrometric techniques for the analysis of trace cadmium have developed rapidly due to the increasing need for accurate measurements at extremely low levels of this element in diverse matrices. This review covers separation and preconcentration procedures, such as electrochemical deposition, precipitation, coprecipitation, solid phase extraction, liquid-liquid extraction (LLE) and cloud point extraction (CPE), and consider the features of the their application with several spectrometric techniques.
Introduction
The word cadmium derives from the Latin cadmia (now known as "calamine") and the Greek kadmeia. Cadmuim, a silvery grey metallic, is a naturally occurring metallic element (0.16 mg kg −1 in the earth's crust) and it is found in mineral structures combined with other elements such as oxygen, chlorine or sulphur. All soils and rocks, including coal and mineral fertilizers, contain cadmium at variable concentration levels [1] [2] [3] [4] [5] .
Cadmium was discovered in 1817, in Germany, by F. Stromeyer and cadmium sulfide (CdS) was used as a paint pigment as early as 1850, and appeared prominently in the yellow colors of the Vincent Van Gogh paints. Their industrial applications were developed in the late 19th and early 20th century. The main uses of cadmium is in nickel-cadmium batteries, invented by Thomas A. Edson in the early part of the 20th century, and in cadmium coatings for the corrosion protection of steel [1, 6] .
Our environment contains countless sources of cadmium and, in the modern world, this element is ubiquitous in food, water and air. The most human cadmium exposure comes from the tobacco smoke and from ingestion of food, which most of that arises from the uptake of cadmium by plants from fertilizers, sewage sludge, manure and atmospheric deposition [5, 7] . Cadmium is not regarded as essential to human life, otherwise, cadmium is now known to be extremely toxic [2, 8] and accumulates in humans mainly in the kidneys for a relatively long time, from 20 to 30 years [1] . Prolonged intake, even of very small amounts, leads to severe dysfunction of the kidneys. At high doses it is also known to produce health effects on the respiratory system and has been associated with bone disease. More recently, the possible role of cadmium in human carcinogenesis has been also studied. In human body, cadmium acts by binding to the -SH group of cysteine residues in proteins and so inhibits -SH enzymes. It can also inhibit the action of the zinc enzymes by displacing the zinc [5, 6] .
Cadmium will invariably be present in our society, either in useful products or in controlled wastes. Nowadays, its heath effects are well understood and well regulated, so that there is no need to restrict or ban cadmium products. On the other hand, the environmental safety will only be attained after the establishment of analytical protocols devoted to cadmium determination in different matrices (soil, water, vegetation, air, food, beverages and biological fluids). These aspects are discussed in the next sections.
Cadmium determinations by using atomic spectrometry techniques and preconcentration procedures
The following principles are general for all metallic ions and are also applicable to specific case of the cadmium.
Atomic spectrometry techniques -mainly flame atomic absorption spectrometry (FAAS), graphite furnace atomic absorption spectrometry (GFAAS), inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS) -are extensively employed in the cadmium determination and, for this reason; the discussions established in this review are based on the applications of them. Eventually, techniques used in smaller frequency, as thermospray flame furnace atomic absorption spectrometry (TS-FF-AAS), hydride generation atomic absorption spectrometry (HG-AAS) and hydride generation atomic fluorescence spectrometry (HG-AFS) are cited in the text.
From the analytical tools above listed, FAAS presents low costs, operational facility and high sample throughput. The determination of cadmium by flame atomic spectrometry is free of interference and this can be easily atomized in air-acetylene flame. In the resonance line 228 nm, the characteristic concentration is 0.02 mg L −1 . The analytical line at 326.1 nm is suitable for determining higher Cd concentrations and the characteristic concentration is about 6 mg L −1 , so that excessive dilution can be avoided [9] .
Cadmium can be determined by CV AAS where atomic Cd vapor is measured by AAS in an unheated quartz cell. LOD of 80 ng L −1 was obtained which can be further improved by working at low temperature. The sensitivity can be increased collecting the atomic Cd vapor in a graphite tube pre-treated with palladium at 150 • C and then reatomizing at 1600 • C [1] . Cold vapor generation coupled to atomic absorption spectrometry with flow injection (FI-CV AAS) was evaluated as a rapid and simple method for the determination of cadmium [10] .
The determination of cadmium by ETAAS was, for a long period, difficulty because the cadmium is an element with high volatility [11] . Several alternatives can be used to improve these conditions by using fast heating rate; STPF conditions; Zeemaneffect to eliminate spectral interferences; Pd-Mg as a modifier, possibly with the addition of ammonium nitrate. The maximum pyrolysis temperature is about 800 • C. In a longitudinally-heated atomizer at an atomization temperature of 1500-1700 • C the characteristic mass is about 0.4 pg. If the attainable sensitivity is too high at the primary resonance line, as is often the case for direct solids analysis, the only usable alternate line is at 326.1 nm with a lower sensitivity by a factor of about 300 [9] . The use of modifier stabilizes cadmium allowing for its determination without causing matrix effects. The Pd-Mg with the addition of ammonium nitrate as a modifier is the one more commonly used, however permanent chemical modifier as W + Rh can be used and the results indicate its effectiveness and its performance is equal or superior than that verified for the universal chemical modifier [12] .
ICP-OES offers the great advantage of multi-elemental detection, but does not present detection limits compatible with cadmium trace determinations. Finally, ICP-MS associates multi-elemental quantification and detection limits exceptionally reduced.
Related to sample composition, FAAS and ICP-OES exhibit tolerances higher than that presented by GFAAS and ICP-MS. Thus, some matrices as seawater with elevated saline contents can make the quantification of metallic ions difficult. In this specific case, atomisation is damaged in GFAAS while, in ICP-MS, it is possible to observe salt deposition on the equipment interfaces [13] .
To solve the small sensitivity of the FAAS and ICP-OES techniques and the concomitant effects observed in the GFAAS and FAAS: flame atomic absorption spectrometry; GFAAS: graphite furnace atomic absorption spectrometry.
ICP-MS, numerous preconcentration and/or separation procedures are described in the literature [14] . In spite of the success attributed to direct determinations [15] [16] [17] [18] [19] [20] [21] by ICP-OES, preconcentration/separation procedures should be employed in order to eliminate concomitants able to provoke spectral interferences. For cadmium determination, some of its sensitive emission lines (214.38, 228.802 and 226.502 nm) cannot be used in the presence of iron, aluminium and arsenic, respectively. For iron and aluminium, spectral interferences are especially dangerous because of their high concentrations in numerous samples as environmental and biological matrices. In this sense, cadmium determinations in the cited samples are affected by a considerable sensitivity decrease.
In order to complement the information set about cadmium preconcentration procedures coupled to atomic spectrometry techniques, this review considers publications related to solid-liquid and liquid-liquid extractions (LLE), electrochemical deposition, coprecipitation, as well as precipitation.
Modalities of cadmium preconcentration procedures

Electrochemical deposition
This modality utilises the electrolysis laws in which cationic species are deposited on the electrodes surface. When an electrolytic cell composed by three electrodes (reference, work and auxiliary) is used, it is possible to attained selective separation and preconcentration of cadmium. As example, Bulska et al. [22] achieved an enrichment factor of 26 for Cd(II) in fresh waters. This selective preconcentration was possible by operating the cell during 2 min in a system coupled to flame atomic absorption spectrometer. Abdullin et al. [23] also preconcentrated Cd(II) from natural waters and obtained an enrichment of 20 times by means of coupling a flame atomic absorption spectrometer to an electrolytic device. Table 1 contains others publications concerning with electrochemical preconcentration of cadmium. In spite of the desirable features of this modality, it also presents some drawbacks associated with laborious system operation and hydrogen generation in more negative potentials for acidic samples.
Coprecipitation and precipitaton
Precipitation comprises the generation of cadmium insoluble compounds from matrix samples. Generally, the procedures are carried out by adding to the samples reagents including NaOH and NH 3 with a posterior acidic dissolution of the precipitate. On the other hand, coprecipitation is used when cadmium is presented at very low levels, thus not permitting that the solubility product constants be attained. In these cases, cadmium is retained on surface of precipitates as Al(OH) 3 , Mg(OH) 2 and organic compounds [27] . Interesting publications related to cadmium enrichment by precipitation or coprecipitation are listed in the Table 2 .
These preconcentration modalities can involve sample contamination, because chemicals are employed in large quantities when compared with the cadmium concentrations generally presented at g L −1 or ng L −1 levels.
Knotted reactors (KR) are generally made from PTFE tubing, however other materials can are used for on-line precipitation or coprecipitation. They present internal diameter between 0.5 and 1.5 mm and are made from tubing by tying interlaced knots. The knotted reactors were used for first time as filterless collectors of organic precipitates in on-line coprecipitation-dissolution systems coupled to flame atomic absorption spectrometer [33] . During the investigation of the DDC complexes sorption on C 18 microcolumns, a particular interaction of such complexes with hydrophobic tubing material was observed. The KR produced from PTFE tubes was able to retain metal complexes of DDC under appropriate experimental conditions and, since then, several works have been developed. Two factors are responsible for retention of the complex molecules on the wall of the knotted reactors. Firstly, these molecular species are launched at inner wall of the KR's for action of the centrifugal force generated by secondary flows. The second reason is related to the nature of the material that form the KR and the nature of the complex [34] . The KR has been successfully adapted for flow injection in on-line pre- concentration with several spectrometric techniques for trace metals analysis [35] . Table 3 lists publications about the KR uses in on-line cadmium preconcentration from several types of samples.
Liquid-liquid extraction
LLE presents many applications related to determination of elements at extremely low concentrations in complex matrices such as environmental or biological samples. The LLE procedures are based on the relative solubility of the elements in two immiscible phases objecting both to improve the selectivity by separation of analyte and increase the sensitivity of the method. This target can be attained concentrating or isolating the analyte at the same phase where the analytical signal will be acquired [46] .
To isolate the analyte by liquid-liquid extraction it is desired that the analyte to be quantitatively removed from aqueous matrix sample by adding immiscible solvents. On other hand, the interferent species must remain in the aqueous phase. The efficiency of this process depends on the affinity of analytes with the extracting solvent, ratio between the phases and number of extractions. In spite of its efficiency for removing interferents, LLE is expensive, slow and presents high consumption of toxic organic compounds [47] , which can be harmful to the environment and the public health. Analytical procedures for cadmium separation and preconcentration by LLE and determination by spectrometric techniques are listed in Table 4 .
Cloud point extraction
The separations and preconcentrations of metal ions, after the formation of sparingly water-soluble complex, based on cloud point extraction (CPE) have been largely employed in analytical chemistry. The cloud point procedure offers convenience and simplicity when compared with LLE modality, including higher extraction and preconcentration factors, lower cost and lower toxicity for the analyst and the environment. The procedure is based on the properties of non-ionic or amphoteric surfactants at levels upper to their critical micellar concentrations (CMC). Above CMC, a system composed by a unique phase is separated into two isotropic phases if some condition such as temperature or pressure is changed or if an appropriate substance is added to the solution [61] . Micelles formed from surfactant molecules act as organic solvents in liquid-liquid extraction and the analytes are partitioned between the micellar and aqueous phases [62] . In the micellar structure, there are numerous hydrophilic groupings responsible for a very efficient extraction of metallic species. For a more detailed discussion about CPE phenomenon, it is recommended to consult the literature [63] .
As already commented, the addition of electrolytes can increase or decrease the surfactant cloud point, being these effects respectively known as "salting-in" and "salting-out". For micellar medium formed by pure non-ionic surfactants the cited phenomenon has a minor magnitude. Coelho and Arruda [64] investigate a cloud point separation induced by NaCl for extracting and pre-concentrating cadmium ions in physiological Table 5 lists recent works concerning with cadmium preconcentration by CPE and determination by atomic spectrometry techniques.
Solid-liquid extraction
This preconcentration category presents a remarkable set of desirable characteristics when applied for quantifying cadmium ions in samples such as waters, foods, pharmaceuticals, rocks, soils, sediments as well as plant and animal tissues. The main advantages conglomerate facility of system operation as well as expressive preconcentration factors.
Numerous sorbents are employed in cadmium preconcentration procedures based on solid-liquid extraction, including synthetic and natural materials. In addition, cadmium can also be preconcentrated in knotted reactors where the analyte is retained on the inner walls of small tubes.
Use of synthetic sorbents
Many materials, such as divinylbenzene polymers, zeolites, fullerenes and polyurethane foam are employed for preconcentration of cadmium ions. From these materials, chelating resins can be prepared by means of different procedures as discussed below. Chelating resins are especially interesting due to their higher selectivity when compared with single polymeric matrices.
Complexing reagents can be introduced into the sorbent by two different means: (1) the chemical bonding of these reagents on existing sorbents (functionalized sorbents); and (2) the physical binding of the chelating ligand on the sorbent by impregnating the solid matrix with a solution containing specific molecules (loaded sorbents) [72] . Physical binding is the most simple to be used in practice. However, chemical bonding allows elevated lifetime for column due to covalent bonds between the ligand and the support. This property avoids the possible flush of the ligand molecule from the column during sample percolation or elution steps. Several complexing reagents have been immobilized on a variety of solid matrices and successfully used for the preconcentration and determination of cadmium. The sorbents most largely associated with complexing substances to produce potential collectors of analytes are polystyrene-divinylbenzene [73] , polyurethane foam [74] , silica [75] and naphthalene [76] . Table 6 contains interesting works concerning with the cadmium preconcentration by using synthetic resins.
Use of natural sorbents
Madrid and Cámara [100] described the characteristics responsible for the metallic ions retention on microbial cells. This phenomenon is efficient because the cell membranes contain many chemical groups able to catch ions [101] . In general, this same structural feature is also valid for a great variety of different natural substrates, including bark/tannin-rich materials, lignin, chitin/chitosan, dead biomass, seaweed/algae/alginate, xanthate, zeolite, clay, fly ash, humified materials, bone gelatin beads, leaf mould, moss, iron-oxide-coated sand, modified wool and cotton [102] . Further, extensive surface area and porosity attribute to natural sorbents excellent properties for retaining cations or anions. However, natural materials present poor selectivity due to the predominance of electrostatic forces among sites (placed on their surfaces) and analytes. In this sense, unspecific retentions are observed. This limitation does not comprise a serious problem for wastewater treatment, where retentiveness of diverse pollutants is desired and it is necessary only to increase sorbent masses when saturations are attained. In this way, the literature [102] deals with the use of natural substrates for treating effluents produced by industries and laboratories.
One another hand, preconcentration demands high selectivity for attaining desirable analytical performance. As already commented, natural materials are unspecific because of their electrostatic interactions with cationic species. In addition, these sorbents present low uniformity composition and, obviously, this aspect can damage the precision and accuracy of the results. Pereira and Arruda [14] reported a great number of procedures devoted to metal preconcentration (including cadmium) based on solid-liquid extractions. As expected, the majority of the cited works employed synthetic sorbents, such as amberlites, activated carbon, C 18 , fullerenes, polyurethane foam and PTFE, while microbial biomass comprised the main category of natural preconcentrators. In spite of the greater tendency in use synthetic sorbents, there are some interesting applications of natural preconcentrators as described in Table 7 . Pereira and Arruda [103] developed methodologies for determining Cd(II) in water and biological samples. In this case, humic substances (vermicompost and purified humic acid), were packed in small columns coupled to a flame atomic absorption spectrometer. The authors obtained good stability of the column (for 100 successive analyse cycles, for both sorbents), but poor selectivity was observed when cadmium was preconcentrated concomitantly with others metallic cations, such as calcium, magnesium, chromium, copper, nickel and zinc. Minamisawa et al. [80] showed that it is possible to enrich Cd(II) on rice husks also by employing on-line systems coupled to a flame atomic absorption spectrometer. In this case, a theoretical pre- concetration factor of 72 was calculated. Nevertheless, foreign ions presented strong competition with Cd(II) when real samples were analysed. Again, this limitation reduced the sensibility.
In the both works above commented, calibration procedures based on the aqueous standard solutions were not possible. It was necessary to adopt the standard addition procedure in order to solve the serious effects presented by the matrices.
Conclusions
It was possible to identify different possibilities for preconcentrating cadmium ions from numerous matrices. Correct choices can be obtained by means of rigorous analyses associated with sample throughput and disponibility, cadmium concentration, desired preconcentration factors, among others. In this context, solid-liquid extractions (by using synthetic or natural sorbents) comprise a good alternative for cadmium determination in samples such as natural waters, foods and beverages. One another hand, this modality is not recommended for small quantities of samples as biological fluids. In these specific cases, cloud point extractions can be successfully employed due to their reduced requirements of sample volume. Conventional liquid-liquid extractions present limitations with the use of extensive toxic solvents and, for this reason, they tend to be avoided.
Coprecipitation and precipitation procedures offer attractive characteristics related to preconcentration capacity. Nevertheless, special cautions should be considered in order to avoid contaminations derived from the great excess of added substances in the reaction medium. Electrochemical devices, when adopted in cadmium preconcentration, are able to associate sensibility and selectivity. In this way, matrices containing many potential interferents (seawater, for example) can be satisfactorily analysed by choosing the best electrodepositing potential.
On-line systems are preferred due to the automatisation facility. In addition, the lower sample and reagent consumptions are compatible with the green chemistry principles. Flame atomic absorption and inductively coupled plasma optical emission spectrometers exhibits a greater number of applications with on-line preconcentration systems, because of their continuous operation mode. In contrast, the equipments employed in GFAAS require discontinuous heating programmes, thus carrying out more sophisticated preconcentrations systems.
Finally, preconcentration procedures for cadmium comprise an important tool for developing sensible methodologies with economic viability.
